The gp41 envelope protein mediates the entry of primate immunode®-ciency viruses into target cells by promoting the fusion of viral and cellular membranes. The structure of the gp41 ectodomain core represents a trimer of identical helical hairpins in which a central trimeric coiled-coil made up of three amino-terminal helices is wrapped in an outer layer of three antiparallel carboxyl-terminal helices. Triggering formation of this fusion-active gp41 conformation appears to cause close membrane apposition and thus overcome the activation energy barrier for lipid bilayer fusion. We present a detailed description of the folding thermodynamics of the simian immunode®ciency virus (SIV) gp41 core by using a recombinant trimeric N34(L6)C28 model. Differential scanning calorimetry and spectroscopic experiments on denaturant-induced and thermal unfolding indicate that the free energy of association of three 68 residue N34(L6)C28 peptides to a trimer-of-hairpins is 76 kJ mol À1 at pH 7.0 and 25 C in physiological buffer. The associated enthalpy change, ÁH unf , is 177 kJ mol
Introduction
Infection of cells by primate immunode®ciency viruses (human, HIV; simian, SIV) requires fusion of the viral and cellular membranes, a process mediated by the trimeric envelope glycoprotein complex on the surface of the virion. This envelope protein is initially synthesized as the precursor gp160, which is proteolytically cleaved into two non-covalently associated subunits, gp120 and gp41. 1, 2 Upon binding of gp120 to the CD4 glycoprotein and a chemokine receptor on the T-cell surface, gp41 undergoes conformational changes that promote membrane fusion between virus and target cell during infection, as well as between infected cells and uninfected cells during multinucleated giant cell (syncytium) formation. 3, 4 By analogy with the acidic pH-induced structural changes in the hemagglutinin (HA) protein of in¯uenza virus, the gp41-mediated viral entry process is postulated to involve a structural rearrangement and refolding in the envelope protein complex from a metastable native (prefusogenic) state to a stable fusion-active (fusogenic) conformation. 5 ± 8 This receptor binding-triggered gp41 activation is an obligate step in virus entry into target cells, and inhibitors of this process are now in clinical or preclinical development. 9 ± 12 The extracellular ectodomain of the gp41 envelope protein contains several characteristic features that may be important for formation of its fusogenic conformation during activation of retroviral membrane fusion. First, it has a hydrophobic, glycine-rich sequence, referred to as the fusion peptide, at the N terminus and this is thought to insert into the cellular membrane at an early step of the fusion process. 13, 14 Second, there are two regions with a 4,3 hydrophobic (heptad) repeat predicted to form coiled-coil structures. 15 ± 17 The N-terminal heptad-repeat region is immediately C-terminal to the fusion peptide, while the C-terminal heptad-repeat region is located adjacent to the viral membrane (see Figure 1(a) ). Between these two heptadrepeat regions is a loop region containing two cysteine residues. Biophysical studies demonstrated that two peptides (termed N and C peptides) corresponding to these two heptad-repeat regions associate to form a stable, a-helical trimer of antiparallel heterodimers. 18 ± 20 Analysis of this trimer-of-hairpins structure by X-ray crystallography and NMR shows that three N helices form a central three-stranded coiled-coil, whereas three C helices pack in the reverse direction into highly conserved hydrophobic grooves around the outside of this coiled-coil. 21 ± 26 This structure likely represents the fusion-active state of gp41, and shares features with the fusion pH-induced conformation of in¯uenza virus HA. 5, 19, 22 This proposition is supported by the observation that a monoclonal antibody speci®cally recognizing the helical-hairpin structure binds to the surface of HIV-1-infected cells only after interaction of the envelope protein complex with soluble CD4. 27 Based upon a wealth of biochemical and structural data, the following model of gp41-mediated membrane fusion has been proposed. 4 Initially, gp41 exists in a prefusogenic conformation within the trimeric envelope glycoprotein spike. Binding of gp120/gp41 to CD4 induces initial conformational changes in gp120 that expose the coreceptor binding site, and the subsequent binding of gp120 to the co-receptor initiates the membrane fusion process itself. 3, 28, 29 Next, a transient gp41 species or the so-called pre-hairpin intermediate is formed by exposure of the fusion-peptide region and concurrent formation of the N-terminal coiledcoil trimer. 30 ± 32 The association of the C-terminal heptad-repeat region with the N-terminal coiledcoil resolves the prehairpin intermediate into the fusion-active hairpin structure and thus leads to the local apposition of viral and cellular membranes. 25, 30, 33 This model implies that energy made available from the trimer-of-hairpins formation is harnessed to break the energy barrier for fusion of two lipid bilayers, which is energetically unfavorable. It would appear that the refolding of gp41 into its fusogenic conformation and the process of membrane apposition and fusion are mechanistically coupled and thermodynamically linked. Thus, the conformational stability of the trimer-ofhairpins structure may play a critical role in driving membrane fusion and a better understanding of the thermodynamics of trimer formation is therefore required. However, thermodynamic studies of the HIV-1 gp41 ectodomain core have been hampered by its tendency towards irreversible denaturation and aggregation, and the use of differential scanning calorimetry (DSC) or spectroscopy has been useful only as a qualitative guide to stability. We now have constructed a recombinant model of the SIV gp41 core that exhibits a well-de®ned two-state transition between folded trimer and unfolded monomer, allowing us to analyze for the ®rst time the folding thermodynamics of the trimer-of-hairpins structure and two strongly stabilizing coiled-coil mutants.
The conformational stability of multimeric proteins has been described quantitatively in only about a dozen cases as compared to the wealth of thermodynamic data available on monomeric folding units. 34 ± 47 Even fewer studies have addressed the sensitivity of such proteins on mutations. 37,48 ± 50 Folding of protein multimers, especially when tightly coupled to association of intrinsically unstable monomers, requires special attention. Stabilization energy is gained from inter-subunit interactions, and folding is accompanied by reduction of rotational and translational entropy. 51 ± 53 Understanding the balance between energetic factors driving multimer folding is, however, not only of theoretical interest. Conformational equilibria are concentration-dependent and knowledge of this dependency as a function of environmental parameters might provide clues about the population of functional multimers in the living cell, where protein levels are rarely as high as in a biophysical experiment. Interestingly, the coupling of the monomer-trimer equilibrium of the gp41 ectodomain to its folding is thought to play a critical role in the biology of HIV-1 entry and its inhibition. 54 
Results

Design of SIV N34(L6)C28
The ectodomain core of the HIV-1 gp41 denatures irreversibly with temperature and forms an insoluble aggregate under physiological conditions, and so the T m measured by circular dichroism spectroscopy (CD) cannot be used to analyze the conformational stability of the fusion-active hairpin structure in a quantitative way. 19 Previous studies showed that heat denaturation of the SIV trimeric N36(L6)C34 complex at peptide concentrations below $20 mM proceeds with a cooperative two-state folding-unfolding transition. 55 To study the thermodynamics of trimer-of-hairpins denaturation over a broad range of peptide concentration, we constructed a recombinant model for the SIV gp41 ectodomain. This model, named N34(L6)C28, consists of the shortened N34 and C28 peptides that are connected by a six residuē exible linker in place of the disul®de-bonded loop region (Figure 1(a) ). In addition, we have prepared two mutants that strongly stabilize the fusionactive conformation of gp41 by replacing with isoleucine either Thr582 (in a heptad d position) or Thr586 (in a heptad a position) of the N-terminal trimeric coiled-coil. These mutant peptides were named T582I and T586I, respectively.
In CD measurements performed at neutral pH, 10 mM N34(L6)C28, T582I, and T586I are fully folded and melt cooperatively and reversibly. Sedimentation equilibrium measurements indicate that each peptide sediments as a trimer over a tenfold range of protein concentration (10 to 100 mM) ( Figure 2 ). The X-ray crystal structures of the N34(L6)C28 and T586I peptides were determined at 3.1 and 2.48 A Ê resolution, respectively (K. Tan, A. Mosyak, J. Liu, H. Ji, M. L. & J. H. Wang, unpublished results). The overall structures of N34(L6)C28 and T586I are very similar to the analogous structure in HIV-1 gp41. In each case, the N34 helices form a parallel three-stranded coiledcoil in the characteristic acute``knobs-into-holes'' arrangement. Three C28 helices pack in an antiparallel orientation into three hydrophobic grooves on the surface of the central coiled-coil trimer (Figure 1(b) ). Thus, N34(L6)C28, T582I, and T586I form well-structured trimer-of-hairpins structures.
Thermal unfolding followed by CD
The CD spectra of the three peptides show a typical loss of a-helical content when the temperature is raised. Reversibility of thermal unfolding is >95 % at all concentrations and solvent conditions tested (Tables 1, 2, and 3) as assessed from cooling to the starting temperature and repeated heating scans of the same sample. Figure 3(a) shows examples of CD unfolding curves. Before the unfolding transition, the molar ellipticity is the same for all three proteins and increases linearly with temperature. The steepness of the main transition is very similar for N34(L6)C28, T582I, and T586I, indicating that the Thr-to-Ile mutation does not detectably alter the unfolding mechanism. The midpoints of thermal denaturation of the mutant proteins are signi®cantly higher, indicating appreciable stabilization (Figure 3(a) ).
Increasing the peptide concentration shifts the transition midpoint to higher temperature, as expected for a system undergoing unfolding from an oligomeric folded state to a monomeric denatured state. Figure 4 illustrates the concen- tration-dependence of the melting temperature. To increase the range of T m values, unfolding experiments with T582I and T586I were performed in the presence of small amounts of guanidinium hydrochloride (GdmCl) and urea. Similar experiments with N34(L6)C28 were not possible because of its lower stability in the presence of denaturant. The pre and post-transitional slopes and the shape of the unfolding transition are the same in the presence and in the absence of denaturant, hence the mechanism of thermal unfolding is not changed by addition of denaturant (Figure 4(a) ). Values of T m and ÁH m are summarized in Tables 1-3.
Thermal unfolding followed by DSC Figure 3(b) shows examples of DSC scans of N34(L6)C28 and the isoleucine mutants. The excess heat capacity peaks are broad and asymmetric, and the maximum excess molar heat capacity is at temperatures corresponding to 0.59-0.63 of the maximal heat absorption, in agreement with unfolding of a trimer. 56, 57 The maximum of the heat capacity trace is concentration-dependent. Unfolding of N34(L6)C28 is reversible up to $60 mM peptide and of the isoleucine variants up to $180 mM. Unfolding enthalpies and transition midpoints are insensitive to the scanning rate between 0.5 and 1.5 deg. C min À1 . The DSC data are well described by equations (A11) to (A13) (see Appendix) describing a trimer-to-monomer transition. Best ®ts are obtained for n 2.8-3.2. The same unfolding enthalpies are obtained also with n ®xed at 3 (equations (A2), (A3), and (A13)). The ratio ÁH vH /ÁH cal is 1.05 AE 0.5 (mean from 12 measurements). The good correspondence between enthalpies calculated by statistical thermodynamic procedures, by simple van't Hoff considerations, and by direct integration of the excess heat absorption peak, indicates that unfolding is well described by the two-state model. Table 2 . Thermodynamic parameters from thermal unfolding of T582I measured by circular dichroism and differential scanning calorimetry The partial speci®c heat capacity of the folded state at 25 C is the same for the three trimers, 1.7 J K À1 g À1 , and increases linearly with the temperatures at 7 Â 10
. These two values are characteristic for small compact protein domains, 58, 59 demonstrating that the trimer-of-hairpins is well packed and does not undergo largē uctuations at temperatures where the folded state dominates. Above the main thermal transition, the heat capacity traces of the unfolded proteins display negligible temperature-dependence.
Isothermal solvent-denaturation experiments
Thermodynamic stability and two-state folding of N34(L6)C28, T582I, and T586I was assessed in yet another way by using GdmCl and urea as denaturants. The equilibrium transitions were followed by monitoring the change of [y] 222 at four different temperatures between 4 and 40 C. Figure 5 shows normalized unfolding curves obtained at 22 C with 5 mM peptide. The unfolding reaction is described accurately by the combined equations (A1)-(A3), (A7), and (A8) for trimer-to-monomer unfolding. The transition midpoints of the isoleucine variants are shifted to signi®cantly higher denaturant concentrations. For example, at 22 C, [urea] 1/2 is 1.1 M for N34(L6)C28, 4.0 M for T582I, and 4.8 M for T586I. Table 4 shows the free energies of unfolding, ÁG unf , calculated by the linear extrapolation method, which was adapted to a monomer-trimer equilibrium, and the dependence of ÁG unf on the denaturant concentration, m D . The ÁG unf values from urea and GdmCl unfolding are very similar, indicating no signi®cant electrostatic contribution to the stability of the trimer-of-hairpins. There is almost no change of ÁG unf between 5 and 40 C, and m D values calculated from GdmCl-induced unfolding experiments are identical within error for the three proteins and show no appreciable variation with temperature. N34(L6)C28 seems more sensitive to unfolding in urea than the isoleucine mutants (compare m D values in Table 4 ) but the signi®cance of this observation is not clear.
Trimeric N34(L6)C28 contains nine tryptophan residues clustered near the C-terminal part of the N34 coiled-coil and the N-terminal part of the C28 helices. We used the shift of the¯uorescence emission maximum to follow denaturant unfolding. The fraction of monomer calculated from the shift of the emission maximum parallels the fraction of monomer calculated from the change of [y] 222 , a further strong support for the two-state model of unfolding ( Figure 5(a) ).
Changes in free energy
The calculated stability curves of N34(L6)C28, T582I, and T586I are compared in Figure 6 . The free energy of unfolding, described by equation (A6), is maximal around 20 C and decreases at lower and higher temperatures. Because of the high conformational stability, cold denaturation is not actually observed. At 3 C and 5 mM peptide, the lowest experimental temperature and concentration used, only 5 % of N34(L6)C28 is unfolded. 
The numbers are the van't Hoff enthalpies calculated from the slopes.
Thermodynamics of gp41 Trimer-of-Hairpins Formation Table 3 . Thermodynamic parameters from thermal unfolding of T586I measured by circular dichroism and differential scanning calorimetry The calculated stability curves of Figure 6 much depend on the quality of the isothermal low-temperature data. 60, 61 To check the accuracy of the ®tted ÁG unf (T) function, we calculate the concentration dependence of T m for the two-state trimermonomer equilibrium. K unf relates to ÁG unf by:
Since at T m :
and f M 0.5, the total concentration at which the system is half unfolded is C tot (K unf /0.75) 1/2 . Figure 7 shows very good correspondence between calculated and measured T m . Thus, the calculated stability curves are reliable estimates of the trimer stability. 42, 44 Replacement of a buried Thr by Ile markedly increases the stability of the trimer-of-hairpins; Thr586 is more sensitive to the mutation than Thr582. The stability pro®les have the same shape as that of N34(L6)C28 (Figure 6 ), since the Thr-toIle substitutions do not signi®cantly alter the unfolding heat capacity and the difference in ÁH unf is small (see below). The unfolding free energy of the isoleucine variants is higher in the entire accessible temperature range. To visualize the thermodynamic changes caused by the Thr-to-Ile substitution, we calculate ÁÁE unf ÁE unf T/I À ÁE unf
SIVgp41
, where ÁE ÁG, ÁH or TÁS (Figure 8(a) ). ÁÁE unf values in Figure 8 (b) are calculated at the mean experimental temperature, 62 C, where the error of ÁC p is minimal. Both Thr-to-Ile substitutions exhibit a similar ÁÁG unf .
Enthalpic and entropic contributions to Á Á ÁÁ Á ÁG unf
Unexpectedly, partitioning of the stabilizing ÁÁG reveals different enthalpic and entropic contributions to high stability (Figure 8 ). T582I is stabilized by a large decrease of the unfolding entropy (TÁÁS unf < 0), which is partly compensated by a decrease of the unfolding enthalpy ÁÁH unf < 0). Entropic stabilization is only half as Thermodynamics of gp41 Trimer-of-Hairpins Formation large for T586I, which is also stabilized by a small favorable enthalpic term (ÁÁH unf > 0).
Heat capacity changes
A rigorous thermodynamic description of the unfolding process requires knowledge of the heat capacity change, ÁC p , accompanying the unfolding transition. 62 We have determined ÁC p in four different and independent ways.
Kirchhoff plots
The slope of a plot of ÁH m against T m is dÁH m / dT m ÁC p . The corresponding plots are shown in Figure 9 and the following values of ÁC p are obtained from the slopes shown in the Figure:
for N34(L6)C28; ÁC p 7.9(AE0.7) kJ K À1 mol À1 for T582I; and ÁC p 8.4(AE0.8) kJ K À1 mol À1 for T586I. These values are identical within error. The large variation of T m and ÁH m shown in Figure 9 is achieved by performing thermal unfolding experiments in the presence of low concentrations of GdmCl and urea. This procedure is not devoid of problems, since the enthalpy and heat capacity of denaturant binding to proteins is slightly negative and may lower the apparent ÁC p of unfolding. 63 ± 65 Fortunately, this effect on the slopes shown in Figure 9 is negligible for the following reasons. (i) At a given temperature, the enthalpies measured in GdmCl and urea are the same (Tables 2 and 3) . If the denaturant effect were considerable, the measured enthalpies should be different, since the number of denaturant-binding sites and the molar enthalpy of binding differ for GdmCl and urea. (ii) The following relationship holds at constant peptide concentration:
ÁH app (T D ) is the unfolding enthalpy at the melting temperature T D in the presence of denaturant; 
ÁC p from global fits
From the non-linear best ®ts represented by continuous lines in Figure 6 the following values are obtained: ÁC p 9(AE1.5) for N34(L6)C28, ÁC p 9.8(AE0.6) for T582I, and ÁC p 8.7(AE0.7) kJ K À1 mol À1 for T586I. These values are also the same within error and are only slightly higher than the ÁC p values from the Kirchhoff plots of Figure 9 . Therefore, we can conclude that ÁC p values calculated from the temperature dependence of ÁH unf and ÁG unf are all very similar with a mean of 8.7(AE0.6) (SD) kJ K À1 mol À1 .
ÁC p from DSC traces
Extrapolation of the heat capacity traces of the folded and unfolded states into the transition zone (Figure 3(b) ) yields another estimate of ÁC p . The value obtained, which is ÁC p at the transition tem- ; open triangles, TÁÁS T586I . Functions were calculated using ÁC p derived from the stability curves ( Figure 6 ). (b) ÁÁE at 62 C, the median experimental temperature. 
Thermodynamics of gp41 Trimer-of-Hairpins Formation
perature T m , is close to zero. This unexpected observation suggests that the thermally unfolded state is still compact and not well hydrated as in a fully extended polypeptide. The heat capacity of the latter can be calculated by summing up the side-chain and backbone heat capacities for the amino acid sequence of N34(L6)C28. 58, 66 The calculated heat capacity of the extended and fully hydrated peptide chain is indeed much higher than the experimental trace (dotted and continuous lines in Figure 3(b) ). At 25 C, the heat capacity change with respect to the fully unfolded chain is 11 kJ K À1 mol À1 , larger than ÁC p obtained by Kirchhoff analysis (Figure 9 ) and global ®tting ( Figure 6 ). As a test for the apparent compact structure of the thermally unfolded state, the DSC experiment with T586I is repeated in the presence of non-denaturing amounts of GdmCl, since this denaturant is known to promote unfolding and hydration of the peptide chain. Indeed, ÁC p at the transition midpoint of thermal unfolding is 4.7 kJ
Semi-empirical calculation of ÁC p from surface exposed on unfolding ÁC p can be estimated from the amount of polar and non-polar surface exposed when the trimer-ofhairpins unfolds into monomers, according to the semi-empirical relationship:
ÁC p a np ÁASA np a pol ÁASA pol a ar ÁASA ar where ÁASA np , ÁASA pol , and ÁASA ar are the nonpolar, polar, and aromatic surface differences between folded trimer and fully unfolded monomers, and a np , a pol , and a ar are constants based on different parametrization schemes. 58, 59, 67 There is no high-resolution crystal structure of N34(L6)C28 available but the structures of the slightly larger SIV N36(L6)C34 and of the analogous HIV-1 N34(L6)C28 are known and are very similar to each other with an rmsd of C a -atoms of only 0.97 A Ê . 23, 24 Using the structure of HIV-1 N34(L6)C28 and of SIV N36(L6)C34 trimmed to the size of the N34(L6)C28, one calculates about 12,000 A Ê 2 of non-polar surface, from which 6 % come from aromatic groups, and about 6000 A Ê 2 of polar surface to be exposed upon complete unfolding of the trimer-of-hairpins. From this, the estimated ÁC p is 12-16 kJ K À1 mol À1 , the calculated value depending on the parameters a np , a pol , and a ar used in the calculation. 58, 59, 67 This estimate is not far from ÁC p 11 kJ K À1 mol À1 estimated from the difference between the calculated and measured DSC traces at 25 C (continuous and dotted lines in Figure 3(b) ), which corresponds to ÁC p for the complete unfolding of the trimer into fully hydrated peptide chains.
In concluding this section, we note that the four methods to obtain ÁC p yield a value of 8.7(AE0.6) kJ K À1 mol À1 for the thermally unfolded state and of 12-16 kJ K À1 mol À1 for complete unfolding; the latter range is only a crude estimate based on analogous crystal structures and on heat capacities calculated from amino acid transfer data.
Discussion
Thermodynamics of trimer-of-hairpins unfolding
This study provides the ®rst detailed thermodynamic analysis of a complex trimer-of-hairpins protein. An important ®nding is a low heat capacity change for thermal unfolding of the trimer-of-hairpins structure into three unfolded peptide chains. Interestingly, lower than expected heat capacity changes have been reported for other oligomeric proteins. 34,38,39,68 ± 70 Since ÁC p is dominated by hydration effects, low experimental ÁC p has been attributed to incomplete unfolding resulting in a compact and not fully solvated-denatured state. 59 As seen in Figure 3 (b), the heat capacity of the thermally unfolded state is much lower than ÁC p calculated from the amino acid sequence assuming a completely solvated polypeptide chain. This conclusion is supported by the results of DSC experiments performed in the presence of low GdmCl concentration, which reveal a higher apparent ÁC p . Furthermore, m D -values for chemical denaturation are of the expected magnitude, or even larger, than calculated for complete unfolding (data not shown). 71 Thus, the heat-denatured state is very likely to retain residual structure that is destroyed only by chemical denaturants. However, one should also consider that the folded trimer-ofhairpins could have a slightly greater heat capacity than a compact, monomeric protein. 72 Vibrational modes and molecular¯uctuations can be signi®-cant between the subunits of non-covalently associating systems and can increase the heat capacity of the folded state leading to a smaller ÁC p . 73 ± 75 Whatever the true cause(s) of the moderate heat capacity change, N34(L6)C28 and its isoleucine variants unfold according to a``®xed two-state'' model in which the high-temperature unfolded ensemble is energetically indistinguishable from and has the same thermodynamic character as the denatured ensemble in the limit of zero denaturant concentration. 76 To compare thermodynamic data pertaining to multimeric and monomeric proteins, respectively, the speci®c thermodynamic quantities expressed per mol of residue (or per gram of protein) are helpful. The intrinsic stability of N34(L6)C28 at 25 C is 370 J (mol residue) À1 . This value is within the range of 200-600 J (mol residue) À1 observed for other proteins. 59 The stability markedly increases to $550 J (mol residue)
À1 upon the replacement of Thr by Ile. For many proteins of different size and molecular architecture, the speci®c enthalpies and entropies of unfolding appear to be similar. 59 For the three proteins studied here, the speci®c enthal-py at 62 C amounts to $2.3 kJ (mol residue) À1 , which is lower than the mean value of 3.5(AE1) kJ (mol residue) À1 calculated for several globular proteins at this temperature. The speci®c unfolding entropy is $6 J K À1 (mol residue)
À1
, which also is lower than the 9(AE1.5) J K À1 (mol residue) À1 typically observed at this temperature. Although such comparison may be of limited signi®cance, it is in line with a compact thermally unfolded state, which retains residual interactions and whose entropy is lower than that of the fully hydrated polypeptide chain.
Large stabilization of coiled coil by a single Thr-to-Ile replacement Substitution of the buried triad of threonine residues by isoleucine residues stabilizes the trimer-ofhairpins by 30-35 kJ mol À1 , a mean stabilization per residue of 10-12 kJ mol À1 . This is a high gain of stability among mutations involving hydroxyl group-containing side-chains like Ser-to-Ala or Thr-to-Val. 77 ± 82 Stabilization is not caused by a gain in helix stability, which for Thr-to-Ile mutation is only of the order of 1.1 kJ mol À1 .
83
Since both Thr582 and Thr586 are completely buried at the inter-helical interface, the Ile variants expose more apolar surface ($200 A Ê 2 ) and less polar surface ($100 A Ê 2 ). The stabilization due to the hydrophobic effect (including mutation-related changes in both molecular surface hydration and packing interactions) should amount to $ 6 kJ mol À1 (calculated from ). Without high-resolution structural data for N34(L6)C28 and its mutants, the observed large stabilization is dif®cult to rationalize. One possibility is that in the parent protein N34(L6)C28, the threonine hydroxyl groups have imperfect polarpolar contacts (e.g. no proper H-bonding) within the mostly apolar environment of the hydrophobic core. This could decrease ÁG unf of the parent protein. In any case, the fact that the increase of ÁG unf is dominated by changes in entropy (Figure 8(b) ) would appear to point to the importance of favorable hydration effects in the isoleucine mutants. Notably, however, the equivalent amino acid substitutions studied here are energetically balanced in a different way. Therefore, the isoleucine substitution at the a or d position of the N-terminal coiled-coil might have introduced a local perturbation of the structure, thereby changing both the enthalpic packing interactions and entropic content of the folded state. Incidentally, the T582I mutant of the related SIV N36(L6)C34 gp41 core is stabilized by only 6 kJ mol À1 ,perhaps indicating some packing differences in the N-terminal coiled-coil of the two otherwise highly similar trimer-of-hairpins. 55 The energetic non-equivalence of the a and d positions in coiled-coils has been demonstrated. 37, 47 Implications for membrane fusion An in¯ux of structural and functional information on the HIV-1 membrane fusion process indicates that the refolding of the gp41 envelope protein into its fusion-active conformation controls the key process of viral entry. 4, 84 According to present theories, this conformational activation involves the transition from a labile, as yet unde®ned, native state to the fusogenic trimer-of-hairpins structure, which then mediates viral-cell membrane fusion. It would appear that as the helical-hairpin complex is assembled and simultaneously the fusion peptide is inserted into the target membrane, a ready source of energy could be made available for overcoming the activation energy needed to bring two lipid bilayers into intimate approximation at the fusion site. Our calorimetric and CD studies show that the recombinant N34(L6)C28 model of the SIV gp41 core undergoes a cooperative two-state unfolding transition by heat or upon addition of chemical denaturants. Thermodynamic functions describing this process allow us to calculate the energetics of trimer-ofhairpins formation from the experimental data over a broad temperature range and characterize the factors responsible for the folding of the gp41 core to its fusogenic conformation. Our results show that the trimeric N34(L6)C28 complex has a maximum of thermodynamic stability of 76 kJ/mol at around 25 C. Since the trimeric structural domain of the full-length ectodomain of gp41 has been truncated by nearly a quarter in N34(L6)C28, this estimate is perhaps a lower bound. The fusionactive structure of the gp41 membrane protein is expected to be further stabilized by its covalent attachment to both the viral and cellular membranes, so that the thermal stability characterized in the present study is likely to mark the lower limit of stability of the activated gp41 molecule.
The N-terminal coiled-coil sequence of gp41 is one of the most highly conserved regions within the primate immunode®ciency virus envelope proteins, which otherwise exhibit considerable genetic diversity, even among closely related isolates. 15 ± 17 There is only one non-conservative substitution in the a position of the N-terminal heptad repeat (Thr586 in SIV, and Ile in the corresponding position of HIV-1). The folding and stability of the HIV-1 gp41 ectodomain core bearing mutations in this position correlate with severity of the in vivo phenotypes observed in cells expressing the mutant envelope glycoproteins. 85, 86 Altogether, the evidence suggests that formation of the N-terminal three-stranded coiled-coil occurs as an early event in the gp41 refolding process required for initiating membrane fusion. Our results show that the replacement of each of the two polar residues, Thr582 and Thr586, at the trimeric coiled-coil interface by the apolar residue isoleucine stabilizes the trimerof-hairpins by 30-35 kJ mol
À1
. These results suggest that the buried polar interactions within the N-terminal coiled-coil may serve to tip the balance Thermodynamics of gp41 Trimer-of-Hairpins Formation between the metastable prefusogenic and most stable fusogenic states of gp41 by destabilizing the fusogenic structure, as opposed to stabilizing the labile prefusogenic conformation. The release of energy for lipid bilayer fusion from the helicalhairpin assembly is therefore likely to be a tightly regulated process, thereby allowing structural rearrangements in gp41 to occur in a concerted fashion. Further thermodynamic, structural, and functional studies of the gp41 mutants are required for addressing this and other essential mechanistic questions about the retrovirus-mediated membrane fusion reaction.
Material and Methods
Gene construction and protein production Plasmid pN34/C28, encoding the N34(L6)C28 model for the SIV gp41 ectodomain core, was derived from pN36/C34. 55 Mutations were introduced into pN34/C28 by single-stranded mutagenesis 87 and veri®ed by DNA sequencing. Standard recombinant DNA techniques were used. 88 All recombinant proteins were expressed in Escherichia coli BL21(DE3)/pLysS using the phage T7 expression system. 89 Cells, freshly transformed with an appropriate plasmid, were grown to late log phase. Protein expression was induced by addition of 0.5 mM isopropylthio-b-D-galactoside (IPTG). After growth for another three hours at 37 C, the bacteria were harvested by centrifugation, and the cells were lysed by glacial acetic acid as described. 20 Proteins were puri®ed from the soluble fraction to homogeneity by reverse-phase HPLC, using a Vydac C-18 preparative column and a linear gradient of acetonitrile containing 0.1 % (v/v) triuoroacetic acid. The identities of peptides were con®rmed by mass spectrometry (Perceptive Biosystems Voyager Elite), and all molecular masses were found to be within 2 Da of the expected molecular mass. Peptide concentrations were determined by measurement of absorbance at 280 nm in 6 M GdmCl. 90 
Buffers
All experiments were conducted in standard PBS buffer (8.3 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 (pH 7.0), 137 mM NaCl, 2.7 mM KCl; I 164 mM). The pH of buffers containing urea or GdmCl was adjusted after adding the denaturant. All chemicals were of analytical grade and were used without further puri®cation.
Sedimentation equilibrium
Sedimentation equilibrium analysis was performed on a Beckman XL-A analytical ultracentrifuge as described. 91 Protein solutions were dialyzed overnight against 50 mM sodium phosphate (pH 7.0), 150 mM NaCl, loaded at initial concentrations of 10, 30, and 100 mM, and analyzed at rotor speeds of 20,000 and 23,000 rpm at 20 C (An-Ti rotor and six-sectored equilibrium centrifugation/centerpieces). Data sets were ®tted to a single-species model. 92 Protein partial speci®c volume and solvent density were calculated with constants from Laue et al. 93 Molecular masses were all within 10 % of those calculated for an ideal trimer, with no systematic deviation of the residuals.
CD spectroscopy
CD measurements were performed on a Jasco-715 spectropolarimeter equipped with a computer-controlled waterbath, using thermostated cuvettes of 0.02, 0.1 or 1 cm pathlength. Thermal unfolding curves were measured by continuously measuring the ellipticity at 222 nm between 3 and 95 C at a scan rate of 0.9 deg. C min À1 and with data collection every 20 seconds. Reversibility of unfolding was checked by two cycles of heating and cooling or by following the time-evolution of the CD signal for more than one hour at a temperature close to the midpoint of the spectral change and was always better than 95 %. Conformational changes induced by urea and GdmCl were monitored at 222 nm. Data were sampled for three minutes at the experimental temperature after incubation of $5 mM peptide for 12-15 hours at the desired denaturant concentration. No further signal change was observed after 48 hours of incubation. Analysis of heat and denaturant-induced unfolding curves followed the formalism describing a simple two-state conformational transition between folded trimer, T, and unfolded random-coil monomer, M. The derivation of all equations used is detailed in the Appendix.
DSC measurements
DSC experiments were performed on the VP-DSC microcalorimeter (MicroCal Inc.) equipped with twin coin-shaped cells of 0.52 ml volume. Technical details and the performance of the instrument have been described. 94 Peptides were dialyzed for 18-24 hours against the same batch of buffer used to establish the baseline. The scan rate in most experiments was 1 deg. C min À1 . Scans at heating rates of 0.5 and 1.5 deg. C min
À1
were performed also and the calculated thermodynamic parameters were independent of the scanning rate within error. Reversibility was routinely checked by two to four cycles of heating and cooling, and was better than 95 % for total peptide concentration up to about 60 mM (0.5 mg/ml) for N34(L6)C28 and 180 mM (1.5 mg/ml) for the T582I and T586I mutants. To test the``true'' thermodynamic reversibility, peptide samples were heated at 1 deg. C min À1 to the temperature corresponding to the maximum of the heat capacity function and were incubated at this temperature. The recorded differential power signal did not show any measurable drift from the equilibrium value for more than one hour of incubation. Subsequent cooling and heating revealed complete reversibility. The calorimetric (model-independent) and effective (model-dependent) unfolding enthalpies were obtained from DSC traces according the equations speci®ed in the Appendix.
Fluorescence spectroscopy
Measurements were made on a Perkin Elmer LS 50B luminescence spectrometer. Spectra were measured in 1 nm steps with one second integration time. Trp emission was monitored between 340 nm and 380 nm upon excitation at 295 nm. 
A15b
The error of ÁH m (s ÁHm ) from CD experiments was estimated as follows. For each individual melting curve, ÁH m was calculated according to equations (A1)-(A5) with the slopes of the pre-transition baseline, or post-transition baseline, or both at the same time, being either free-¯oating or ®xed parameters. Since there was no statistically signi®-cant trend for the slopes to vary with mutation and peptide concentration, the slopes were ®xed either as the mean slope of the entire data set or the mean slope observed for each protein. This procedure resulted in six to ten values of ÁH m , from which a standard deviation of kJ mol
À1
(5-10 % of the mean, depending on the mean ÁH m ) was calculated. Linear ®t of ÁH m versus T m ( Figure 9 of the main text) resulted in a ®tting error of ÁC p of the order of 0.8 kJ K À1 mol À1 , except for N34(L6)C28, for which the error was 2 kJ K À1 mol À1 . A more reliable estimate of s ÁCp , 1.7-2 kJ K À1 mol À1 (20 %), was obtained by systematic truncation of the data by one point at a time. The terms including errors in T m and C tot could be neglected, since the error in T m was <1 K and the error in C tot was <10 %. According to equations (A15a) and (A15b) and using s ÁCp and s ÁHm obtained as explained above, the maximal errors in ÁH unf (T) and ÁG unf (T) were 45-60 kJ mol À1 (10-12 %) and 1. and maximum error of ÁG(W) was 5 kJ mol À1 .
